The results of calculations of nuclear magnetic resonance (NMR) parameters for the lead halides is reported in this paper. The results are obtained by using four-component methods. The use of the nonrelativistic Lévy-Leblond Hamiltonian along with the relativistic Dirac-Coulomb and spinfree ones allows us to discriminate scalar and spin-dependent effects on the parameters. It is found that the wide range of the lead NMR spectra and their large anisotropies are, mainly, due to spin-dependent effects on the paramagnetic term. Among the relativistic scalar corrections, the socalled spin-Zeeman kinetic-energy term turns out to be dominant. The reduced spin-spin coupling constants become proportional to the product of the atomic numbers of the coupled nuclei.
I. INTRODUCTION
It is nowadays well established that the calculation of properties of molecules containing heavy atoms requires the inclusion of the kinematic effects of relativity in order to correctly account for their magnitude and, in some cases, even their experimental trends [1, 2] . A number of methods and formalisms have been devised for such a purpose [2, 3, 4, 5, 6, 7, 8] ; among them, ab initio fully relativistic four-component methods [3, 4, 5] occupy a privileged position as a reference for benchmark calculations against which more approximated methods are to be compared. In particular, the calculation of the parameters of the nuclear magnetic resonance (NMR) spectroscopy are known to be highly sensitive to the relativistic effects [9, 10] .
From an experimental point of view, NMR spectroscopy is a powerful tool for the determination of molecular structures, thus enabling its use for a wide range of applications. Among the magnetic nuclei, 207 Pb, the heaviest one having spin I = 1/2, is particularly suitable for discriminating among different structures and oxidation states in lead-containing compounds because of its natural abundance (22.6%) and excellent receptivity [9] . The high sensitivity of 207 Pb to its coordination environment gives rise to large changes in its chemical shifts covering a range of about 16000 ppm for the known compounds. Lead can form both inorganic and organolead compounds. Inorganic lead chemistry is dominated by divalent Pb(II) while organolead chemistry is based on tetravalent Pb(IV) [11] . Lead dihalides are among the simpler inorganic salts that divalent lead can form. PbF 2 is probably the most studied lead halide. Solid PbF 2 is a ionic solid presenting a strong superionic conduc- * Electronic address: rhromero@exa.unne.edu.ar tivity. It exhibes two phases: an orthorombic α-PbF 2 phase stable at high pressure and low temperatures, and a cubic β-PbF 2 phase more stable in ambient conditions. [12] . The absoption spectra of gaseous PbF 2 was first reported in Ref. [13] . It was shown that molten PbF 2 vaporizes partly as molecular PbF 2 with a considerable desproportionation [13] . Measurements of 207 Pb chemical shifts in lead halide powders have been performed using the magic-angle spinning (MAS) technique [14] . Calculations of 19 F NMR shielding constants has been reported for a number of metal fluorides, including PbF 2 [15] . Calculations of molecular structures and vibrational spectroscopic properties for the lead halides, among other group 14 compounds, have been performed by using a correlated complete active space self-consistent field (CASSCF) and multireference singles-doubles configuration interaction (MRSDCI) wave function, and relativistic effective core potentials (ECP) [16, 17] , the coupled cluster method with singles and doubles excitations and perturbative inclusion of triple excitations, CCSD(T), suplemented with ECPs [18] , and density functional theory (DFT) and ECPs [19] . To the author's knowledge, the only theoretical study of the NMR magnetic shieldings of isolated molecules of lead halides is the one presented in Ref. [20] . In that paper it is also reported calculations in clusters that preserves the orthorombic symmetry of the solid and experimental measurements in solid samples [20] . However, although an agreement is found with experimental trends, the basis sets used are small and the method of calculation involves too many approximations so that no precise quantitative conclusions can be drawn from the results.
In this paper we shall consider the fully relativistic calculation of the NMR parameters of the lead dihalides with a twofold purpose. Firstly, it is aimed to explain the wide-range variations of the NMR parameters, their large anisotropies, and their experimentally observed regularities as the different halogens are substituted, as well as to identify the underlying mechanisms beneath such a behavior. Secondly, the use of all-electron fully relativistic methods along with large-size basis sets, allows us to test the performance of these reference methods in systems of analogous molecules ranging from PbF 2 , in which the central heavy atom is dominant, to PbI 2 , constituted by three heavy atoms.
II. CALCULATION APPROACH

A. Computational details
Fully relativistic, spin-free and nonrelativistic calculations of the electronic structure of the lead dihalides PbX 2 (X = F, Cl, Br and I) were carried out selfconsistently with the Dirac-Coulomb, spin-free [21] and Lévy-Leblond Hamiltonians [22] , respectively. The nuclear magnetic shielding tensor, σ, and the reduced spin-spin coupling tensor K were calculated as fourcomponent linear response functions using the polarization propagator approach within the Random Phase Approximation (RPA) [3] . All calculations were performed with the dirac code [23] . It should be noted that even the nonrelativistic calculations were done with fourcomponent methods by using the nonrelativistic Lévy-Leblond Hamiltonian. Usually, fully relativistic and nonrelativistic calculations require different basis sets because of the different nature of the relativistic and nonrelativistic operators. All along the calculations reported here, the relativistic bases were used and have shown to provide convergence both in the spin-free and Lévy-Leblond calculations. The use of a large value of the speed of light in fully relativistic calculations has also been advocated as a procedure to reach the nonrelativistic limit.
The molecular structures were taken from experimental geometries [11, 24] : R(X−Pb) = 2.033, 2.46, 2.6 and 2.79Å, and θ(X−Pb−X) = 97.8, 96.0, 98.8 and 99.7
• for X = F, Cl, Br and I, respectively. These bond lengths are close to values calculated with the MRSDCI method [16] , but the calculated bond angles are about four degrees larger than the ones used here. So, there is some uncertainty inherent to our calculations because of their dependence on the molecular geometry. In this work, large component uncontracted Cartesian Gaussian basis set were used in all atoms. The large component basis sets used in the calculations were obtained from modifying the Faegri basis sets (for Pb, Br and I) [25] and the aug-ccpVTZ basis set (for F and Cl) by suplementing them with large-(tight functions) and small-exponent (diffuse functions) Gaussian basis functions. These tight (diffuse) functions were obtained from multiplying (dividing) by a factor of 3 the largest (smallest) exponent present in each block of angular momentum. The small component bases sets are generated from the large component bases by invoking the kinetic balance condition. The final ranges of the exponents in the expanded bases are similar to those used previously in accurate nearly basis set-limit calculations [26] .
B. Basis set optimization in PbBr2.
Given that the basis set completeness is a critical issue for reliable results, specially in the calculations of the two heaviest halides, the PbBr 2 molecule was taken as a model to test the basis set quality as a function of the functions added to the original basis sets for the large component. Table I Since no attempt was done to include electronic correlation effects, the basis F was considered converged enough and it was used for representing Pb and Br in all the calculations below. A similar basis scheme was adopted for the other halogens, including functions with exponents of the same order of magnitude as those used in similar atomic calculations [26] . The effect of the tight, diffuse and polarization functions added was studied, although not shown here, to ensure that convergence was reached. With such criteria, the PbF 2 , PbCl 2 , PbBr 2 and PbI 2 molecules were described by 2168, 2288, 2332 and 2343 Gaussian basis functions, respectively. The large and small component basis sets finally used are listed in Table II .
C. Neglect of (SS|SS)-integrals
Following an approximation proposed by Visscher [27] , the contribution from (SS|SS)-type two-electron integrals, i.e. those involving small components functions only, were neglected both in the wave function and the response calculations along this paper. This approximation allows a considerable saving in computational demands, typically decreasing the timings in one order of magnitud. However, an estimation of their importance was obtained by calculating their contributions in the PbBr 2 molecule with the smallest basis set A. The use of this basis set instead of the larger ones is justified because the small components of the molecular orbitals are densely centered in the atoms and only affect the electronic density in the very proximity of the nuclei, in contrast to the diffuse functions added to basis set A in the bases from B to G. Because of that, quite different combination of basis sets [25, 28] like Faegri(Pb)/Faegri(Br), Faegri(Pb)/Sadlej(Br) and Hirao(Pb)/Sadlej(Br) yield quite different σ iso (Pb) and σ iso (Br) far away from the converged values but, nevertheless, all of them give almost the same contributions from the inclusion of (SS|SS)-type two-electron integrals, namely, ≃+50 ppm to σ iso (Pb) and ca. +1 ppm to σ iso (Br). Hence, their contributions to σ iso (F) and σ iso (Cl) are negligible, while they contribute a few ppm to σ iso (I). All these contributions are below 1% of the total values, thus justifying the exclusion of these integrals. Another approximation consisting in including the (LL|SS)-type integrals in the wave function calculation although neglecting them in the response calculation of the properties was also tried with similar results. It turns out that they typically contribute some ≃ +40 ppm to σ iso (Pb), somewhat less (≃ +10 ppm) for σ iso (I) and their effect is negligible for the lighter halogens. This approximation yields an extra saving in computing time and it could be recommendable in order to speed up computations without too much lost of accuracy. However, for consistency, all the numbers reported in this paper were obtained by fully including (LL|SS) two-electron integrals in every step of the calculation. The results of nuclear magnetic shielding tensors for lead and halogen nuclei in the series of molecules PbF 2 , PbCl 2 , PbBr 2 and PbI 2 calculated with relativistic, spinfree and nonrelativistic Hamiltonians are shown in Table  III . The tensor σ(Pb) is diagonal, with components σ , σ ⊥ and σ z along the direction parallel to the molecular symmetry axis, perpendicular to it but in the plane of the molecule, and perpendicular to the molecular plane, respectively. In Table III it is also shown the individual components of the paramagnetic and diamagnetic tensors σ p and σ d , their corresponding isotropic values σ iso = (1/3)Tr(σ), and the span Ω = σ 1 − σ 3 defined as the diference between the largest and the smallest eigenvalues of the tensor (σ 1 > σ 2 > σ 3 ) for Pb and the halogen atoms.
Table IV provides further insight on the results shown in Table III by decomposing the various magnitudes in scalar and spin-dependent contributions given by
such that σ Rel = σ NR + σ scalar + σ SO . A similar decomposition for the spin-dependent terms has been recently applied to study of the static polarizability of group-13 atoms [29] .
Pb shielding
A clear trend to deshielding (σ < 0) of the lead nucleus in PbX 2 is observed from the relativistic (Rel), the spin-free (SF) and the nonrelativistic (NR) calculations as one goes from X =F to Cl to Br to I. However, this trend is much more pronounced for σ Rel iso (Pb) than for σ SF iso (Pb) or σ NR iso (Pb). The analysis of σ iso in terms of its paramagnetic and diamagnetic contributions shows that this is a consequence of the dramatic increase of the (negative) paramagnetic term from ∼ +200 (in PbF
cases, both relativistically and nonrelativistically. It has been noted that the measured 207 Pb isotropic shifts in the lead dihalides fit to a linear correlation with the inverse of the ionization potential [14] ; such a correlation has been taken as an indication that the paramagnetic contribution to the chemical shift is dominant. Reciprocally, given that in our calculations the paramagnetic contributions are the most affected by relativistic effects, and taking the HOMO-LUMO gap as a measure of the ionization potential, Figure 1 shows that there is a linear correlation between each tensor component of the relativistically calculated σ p (Pb) with the inverse of ε HOMO−LUMO . The different slopes of the least-squares fitted straight lines
halogen atom shieldings
As shown in Table IV , both σ p/SO iso (X) and σ p/scalar iso (X) becomes more positive as one changes the sustituent from F to I. The relative importance of their magnitude, however, changes from |σ p/SO iso (X)| > |σ p/scalar iso (X)| for X =F and Cl, to the opposite for Br and I. There is no obvious interpretation for such a trend. In previous works, the study of the correlation of the various contributions to the nuclear charge Z has been a useful guide for the identification of underlying mechanisms. The best leastsquares fits found for the paramagnetic shielding constants at the halogen nuclei is given by:
Two facts deserve some attention: firstly, the different Z-dependence of those contributions, i.e., σ
while σ p/SO iso ∼ Z 4 ; and secondly, these correlations of the form (AZ n + B) fits better to the calculated values than the simpler ones (AZ n ) which one would expect from a relativistic correction, in order to fulfill the requierement of vanishing when Z goes to zero. No further insight can be provided within the present framework. A consideration of a perturbative treatment could be helpful in analyzing these trends more deeply.
B.
207 Pb shifts
The standard reference for 207 Pb chemical shifts measurements is tetramethyllead (TML), Pb(CH 3 ) 4 , i.e., the chemical shifts are defined as δ( 207 Pb)= σ(TML) − σ(PbX 2 ). Nevertheless, we shall estimate here the lead chemical shifts by refering our compounds to plumbane (PbH 4 ), i.e., with respect to a reference in which every methyl group was replaced by a hydrogen atom; such a change should not introduce severe changes while keeping the computational costs withing reasonably bounds. The calculation of plumbane NMR parameters is not only useful for obtaining the measurable shifts but also because of its tetrahedral symmetry T d , what provides an interesting example for the analysis of the spin-dependent and scalar contributions to the nuclear magnetic shielding tensor of lead. Because of the T d symmetry, the tensor σ(Pb) as well as its paramagnetic and diamagnetic contributions become isotropic. The results of Dirac-Coulomb, spin-free and nonrelativistic calculations are shown in Table V . It can be seen that the spindependent contributions to both the paramagnetic and diamagnetic term represent a small fraction of the total value, while almost the total relativistic corrections are due to scalar effects. Furthermore, the magnitude of those effects (σ p/scalar iso ≃ 8000 ppm, σ d/scalar iso ≃ −2300 ppm) are quite close to, e. g., those in PbF 2 , thus showing that they arise from the inner most electrons in the core. The isotropic lead chemical shifts and its paramagnetic and diamagnetic contributions are also shown in Table V . The decomposition of the relativistic corrections to the shifts (δ Rel − δ NR ) in terms of scalar (δ scalar ) and spin-dependent term δ SO shows that almost the entire correction is due to the spin-orbit contribution to the paramagnetic term δ p/SO in contrast to δ d/SO which becomes negligible because δ d comes mainly from contributions from the spherically symmetric inner most atomiclike s orbitals. The magnitude of the contributions be-
accounting for more than 90% of δ iso even for PbI 2 .
C. Reduced spin-spin couplings
The inclusion of relativistic effects in the calculation of indirect spin-spin coupling constants of lead-containing compounds has been considered through a number of methods, e.g., semiempirically [30, 31] , DFT-ZORA approximation [32, 33] and fully relativistic polarization propagator approach [34] , although, to the author's knowledge, there are no calculations for the couplings in the lead dihalides. In Table VI , the results of nonrelativistic (NR) and relativistic (Rel) calculations are shown along with the scalar and spin-dependent (SO) contributions. As with the σ and δ calculations, K scalar and K SO are obtained as a difference with respect to the result of a spin-free calculation. It can be seen that both isotropic and anisotropic one-bond couplings becomes more and more negative as one goes from the fuoride to the iodide. Both the scalar and spin-dependent contributions give rise to such a trend, with the scalar mechanisms being dominant.
On the contrary, two-bonds couplings show a decreasing behavior in nonrelativistic calculations, as opposite to the increasing trend of the relativistic ones, as one goes from F to Cl to Br to I. This is a consequence of, mainly, the SO and -to less extent-scalar mechanisms, both of which give positive contributions to 2 K iso and ∆ 2 K. Nevertheless, it is worthy to note that, for the heaviest halide, PbI 2 , ∆ 2 K scalar (I−I) becomes greater than ∆ 2 K SO (I−I). There have been attempts in the literature to correlate the reduced spin-spin coupling constants with the square of the atomic number of a central heavy atom bonded to light atoms. On the other hand, Bryce et al. found that K iso and ∆K have a good linear correlation with the product of atomic numbers of the coupled nuclei in interhalogen diatomics [32] . In the Figure 2 we plot relativistically calculated 1 K iso and ∆ 1 K as ) . The dashed line represents the least-squares fit of the data. As it can be seen, the correlation is quite reasonable, especially for the isotropic values and somewhat less for the anisotropies. These results provide support to the correlation proposed in Ref. [32] , generalizing it to include two-bonds couplings.
IV. CONCLUSIONS
In summary, in this paper we have reported results of calculations of the NMR parameters for the lead halides. The calculations made use of four-component relativistic Dirac-Coulomb and nonrelativistic Lévy-Leblond Hamiltonians. In addition, the use of the spin-free hamiltonian allows to separate the scalar and spin-dependent relativistic contributions.
The results presented in this paper can be rationalized as follows:
(i) the main relativistic correction to the nuclear magnetic constants in lead is the spin-dependent contribution σ p/SO (Pb) which can be roughly associated with the spinorbit interaction, strongly affected by the valence structure. Substitution of increasingly heavy halogens changes dramatically such a structure from PbF 2 dominated by the lead nucleus to PbI 2 , a three heavy atoms molecule.
(ii) σ p/scalar (Pb) ranges from 8047 ppm for PbF 2 to 6854 ppm for PbI 2 , what is compatible with a dominant σ SZ−KE term estimated in 7414 ppm by using an analytical model for the shielding in atoms [35] . However, the corresponding estimations for F (9 ppm) and Cl (64 ppm) are not good because of the large anisotropies of their σ p/scalar tensors; the model estimates 570 and 1995 ppm for Br and I, in moderate agreement with the values of Table IV (348 and 1438 ppm). The reason for that is that the spherical symmetry assumed in the model is more approximately realized in the heaviest halogen nuclei.
(iii) The σ d/scalar term was studied in Ref. [36] , where it has been shown that, within a perturbative frame- work, it arises from two linear response contributions (Darwin and mass-velocity) plus three expectation value terms, with all of them following a Z 3 power-law scaling with the atomic number; e.g., the perturbative LR-ESC method gives σ d/scalar (Rn) = −3446.4 ppm [36] , whose extrapolation to Pb would give σ d/scalar (Pb) = −3446.4 × (82/86) 3 = −2987.5 ppm, in line with the value of about -2300 ppm obtained for all halides. Performing the same extrapolation from the LR-ESC value for the nearest rare gas atom (taken from Ref. [36] ) to each halogen, one has -3.3, -23.8, -215.1 and -767.1 ppm, to be compared to -4.8, -76.3, -494.6 and -1208.2 ppm of the present work (Table IV) . Although the trend is correct, a lack of quantitative agreement still remains.
(iv) The σ d/SO term can be disregarded in all cases, what can be attributed to the negligible effect of the spin-orbit interaction upon the inner electronic shells, which are responsible for the diamagnetic shielding.
The large spin-dependent effects on the paramagnetic shielding are also responsible for the large observed variations of the lead resonance over a wide range, as well as its large anisotropies, which originates in the different responses of the molecule to the spin-orbit interactions, although every component become proportional to the inverse of the HOMO-LUMO gap. The same trends are found in the 207 Pb chemical shifts in the various halides because of the isotropic nature of the relativistic corrections, having a scalar origin, in the reference compound (plumbane).
Both the scalar and the spin-dependent mechanisms are important for the isotropic reduced coupling constants
Finally, the relativistic oneand two-bonds reduced coupling constants becomes well correlated to the product of the nuclear charges of the coupled nuclei, Z Pb Z X and Z 2 X , respectively. 
